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Abstract
Background: Low skeletal muscle mass is associated with insulin resistance and metabolic syndrome. Serum 
creatinine may serve as a surrogate marker of muscle mass, and a possible relationship between low serum creatinine 
and type 2 diabetes has recently been demonstrated. We aimed to validate this finding in a population of Caucasian 
morbidly obese subjects.
Methods: Cross-sectional study of 1,017 consecutive morbidly obese patients with an estimated glomerular filtration 
rate >60 ml/min/1.73 m2. Logistic regression (univariate and multiple) was used to assess the association between 
serum creatinine and prevalent type 2 diabetes, including statistically testing for the possibility of non-linearity in the 
relationship by implementation of Generalized Additive Models (GAM) and piecewise linear regression. Possible 
confounding variables such as age, family history of diabetes, waist-to-hip ratio, hypertension, current smoking, serum 
magnesium, albuminuria and insulin resistance (log HOMA-IR) were adjusted for in three separate multiple logistic 
regression models.
Results: The unadjusted GAM analysis suggested a piecewise linear relationship between serum creatinine and 
diabetes. Each 1 μmol/l increase in serum creatinine was associated with 6% (95% CI; 3%-8%) and 7% (95% CI; 2%-13%) 
lower odds of diabetes below serum creatinine levels of 69 and 72 μmol/l in women and men, respectively. Above 
these breakpoints the serum creatinine concentrations did not reduce the odds further. Adjustments for non-
modifiable and modifiable risk factors left the piecewise effect for both women and men largely unchanged. In the 
fully adjusted model, which includes serum magnesium, albuminuria and log HOMA-IR, the piecewise effect for men 
was statistically non-significant, but it remained present for women. Patients with creatinine levels below median had 
approximately 50% (women) and 75% (men) increased odds of diabetes.
Conclusions: Low serum creatinine is a predictor of type 2 diabetes in Caucasian morbidly obese patients, 
independent of age, gender, family history of diabetes, anthropometric measures, hypertension, and current smoking. 
Longitudinal studies of both obese and non-obese populations are needed to investigate whether serum creatinine 
may be causally linked with type 2 diabetes, and if so, precisely how they are linked.
Background
Obesity and insulin resistance are well established risk
factors for type 2 diabetes mellitus (T2DM) [1,2]. Skeletal
muscle is the most important site of insulin resistance
and accounts for approximately 90% of overall glucose
disposal after glucose infusion [3]. Muscle mass has been
shown to be inversely associated with insulin resistance
[4] and the metabolic syndrome [5]. Conversely, Kuk et al.
f o u n d  t h a t  w h o l e - b o d y  s k e l e t a l  m u s c l e  m a s s  w a s  n o t
associated with either glucose tolerance or insulin sensi-
tivity in overweight and obese men and women [6]. Crea-
tinine is the only metabolite of creatine which is mainly
(98%) located in striated muscle [7], and 24-h urinary cre-
atinine excretion is highly correlated with muscle mass
estimates by dual-energy X-ray absorptiometry [8]. Since
serum creatinine is highly correlated with 24-h urine
excretion (r = 0.82, p < 0.0001) in subjects with normal
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renal function [9], it may represent an acceptable and eas-
ily measured surrogate marker of muscle mass.
Low serum creatinine l e v e l s  w e r e  a s s o c i a t e d  w i t h  a
higher risk of T2DM in a recent study of non-obese mid-
dle-aged Japanese men [10], leading the authors to specu-
late that low creatinine might reflect low muscle mass
volume. In addition, glomerular hyperfiltration, which is
associated with lower serum creatinine levels, may be
associated with increased metabolic risk [11] and future
diabetes [12]. Notably, obesity may be considered as a
state of relative hyperfiltration, and several lines of evi-
dence indicate that the absolute glomerular filtration rate
(GFR) is higher in severely obese subjects than in their
lean counterparts [13,14].
We aimed to explore whether serum creatinine is a pre-
dictor of T2DM among morbidly obese Caucasian
women and men.
Methods
Study population, data collection and ethics
The present analysis is based on data from a previously
published cross-sectional study of the relationship
between PTH and the metabolic syndrome [15]. Briefly, a
total of 1,017 consecutive Caucasian morbidly obese
patients who attended our tertiary care center between
2005 and 2008 were included in the analysis. All patients
had an estimated glomerular filtration rate (eGFR) > 60
ml/min/1.73 m2 [16]. The study was approved by the
Regional Committee for Medical Research Ethics (S-
05175) and was performed in accordance with the Decla-
ration of Helsinki [17].
T2DM was diagnosed in patients who had a prior his-
tory of T2DM or a fasting serum glucose level ≥ 7.0
mmol/l [18]. Homeostasis Model Assessment Insulin
Resistance (HOMA- IR) was calculated as ([fasting serum
glucose (mmol/l) * fasting serum insulin (pmol/l)]/135)
[19]. The log (HOMA-IR) is presented both because it
has a stronger linear correlation with glucose clamp esti-
mates of insulin sensitivity and because it is useful for the
evaluation of insulin resistance in glucose intolerant indi-
viduals, those with mild to moderate diabetes, and those
with other insulin-resistant conditions [20].
Lean body weight (LBW) was estimated with gender
specific equations which have been validated in extremely
obese subjects [21]. LBW (male) = (9270*body weight)/
(6680+216*BMI) and LBW (female) = (9270*body
weight)/(8780+244*BMI).
The modified Cockcroft-Gault formula (replacing body
weight with LBW), which may be appropriate to estimate
creatinine clearance in morbidly obese subjects, was
implemented in the analysis [22]. It seems superior to the
MDRD equation, and it provides a precise and accurate
estimate of 24-hour measured creatinine clearance; Crea-
tinine clearance (ml/min) = (140-age)*LBW*serum cre-
atine*1.23*0.85 (if female) [22]. Albuminuria was defined
as present if the albumin/creatinine ratio was ≥ 2.5 mg/
mmol in men and ≥ 3.5 mg/mmol in women [23].
Questionnaire physical activity
A sub-group of 495 consecutive patients (recruited
between May 07th 2007 and September 16th 2008) com-
pleted a physical activity questionnaire which has been
validated by a Norwegian population based epidemiolog-
ical study [24]. Patients were asked, "How has your lei-
sure-time physical activity been during the last year?"
Light activity was defined as no sweating or being out of
breath. Hard physical activity was defined as sweating/
being out of breath. Duration was classified as hours per
week: None, <1, 1-2, 3 and more.
Laboratory analyses
After an overnight fast blood samples were obtained by
venipuncture in vacutainer gel tubes and serum separated
from cells within 2 hours. Analyses of serum creatinine,
glucose, magnesium and CRP were performed using dry
reagent slide technology on the Vitros 950 Analyzer/Vit-
ros FS 5.1 (Ortho-Clinical Diagnostics, New York, USA).
The interassay coefficient of variation for creatinine was
2%. Urine-albumin was analyzed using an immunochem-
ical turbidimetric method (Konelab 60i, Thermo Electron
Corporation, Helsinki, Finland). Insulin was analyzed in
serum using radioimmunoassay (Linco Research Inc, St.
Charles, MO). The interassay coefficient of variation for
insulin was 8%.
Statistical analysis
Data are given as mean (standard deviation; SD) or pro-
portions (%) unless otherwise stated. When required,
skewed data was log-transformed in order to approxi-
mate normality before statistical analyses. Differences
between groups were analyzed using independent sam-
ples t-test for continuous data, whilst χ2 was used for cat-
egorical data. Spearman's correlation was calculated to
assess bivariate correlations between continuous vari-
a b l e s.  9 5 %  C o n f i d e n c e  I n t e rv a l s  ( C I )  w e r e  c o n s t r u c t e d
using bootstrapping.
Women and men were analysed separately due to the
known differences in skeletal muscle mass and serum
creatinine.
Logistic regression with predefined explanatory vari-
ables was used to assess the odds of T2DM. Expecting
non-linearity in the relationship between creatinine and
T2DM we also fitted Generalized Additive Models
(GAM) [25]. GAM is a natural extension of Generalized
Linear Models (GLM), e.g. logistic regression, and allows
for all types of functional relationships between depen-
dent and independent variables using splines. As creati-
nine appeared to be piecewise linear with respect toHjelmesæth et al. BMC Endocrine Disorders 2010, 10:6
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T2DM in our data, we also fitted piecewise linear logistic
regression models for all of the increasingly complex
models described below, i.e. estimating the existence and
location of a possible breakpoint in the relationship
between creatinine and T2DM [26].
We fitted one crude (unadjusted) logistic regression
model (model 1) and three separate multiple logistic
regression models (models 2-4) for T2DM (yes/no) as the
dependent variable. In model 1 serum creatinine as a
continuous or dichotomized variable was entered into a
logistic regression analysis (no missing values). In model
2 the non-modifiable risk factors age and family history
of diabetes were added to model 1 (one missing value). In
model 3 the modifiable risk factors; WHR, hypertension
and current smoking; were added to model 2 (WHR was
substituted for either BMI or lean body weight in supple-
mentary analyses; <1% missing values). Finally, in model 4
other clinically relevant risk factors for T2DM; serum
magnesium [27], albuminuria [28,29] and insulin resis-
tance (log [HOMA-IR]); were added to model 3 (8% miss-
ing values). A 5% statistical significance level was chosen.
The analyses were implemented using SPSS 16.0 (SPSS,
Chicago, IL) and R 2.9.0 [30].
Results
Clinical characteristics and risk factors according to gen-
der and presence or absence of T2DM are shown in table
1 (Additional file 1). Out of the 1,017 consecutive mor-
bidly obese subjects who took part in the study a total of
156 women (23%) and 106 men (32%) had T2DM (p =
0.002 for the difference). When compared to their non-
diabetic counterparts the serum creatinine levels of dia-
betic patients were significantly lower. By contrast, creati-
nine clearance did not differ significantly between
groups.
Serum creatinine had a weak negative correlation with
WC (r = -0.08, 95% CI; -0.16 to -0.01), WHR(r = -0.08,
95% CI; -0.16 to -0.02) and BMI (r = -0.08, 95% CI; -0.16
to -0.01) in women, but only with BMI in men (r = -0.11,
95% CI; -0.22 to -0.01). Serum creatinine did not correlate
significantly with lean body weight (r = 0.04, 95% CI; -
0.04 to 0.12, and -0.01; -0.12 to 0.11, in women and men).
Serum creatinine (continuous variable) and odds for 
diabetes
The unadjusted GAM analysis suggested a piecewise lin-
ear relationship between serum creatinine and T2DM
(figure 1). Piecewise linear regression models showed
that each 1 μmol/l increase in serum creatinine was asso-
ciated in women with 6% (95% CI; 3%-8%) lower odds of
type 2 diabetes below a serum creatinine level of 69 μmol/
l, whilst in men it was associated with 7% (95% CI; 2%-
13%) lower odds of type 2 diabetes below a serum creati-
nine level of 72 μmol/l (table 2; Additional file 1). Above
these breakpoints the level of serum creatinine did not
reduce the odds further. Adjustments for known non-
modifiable and modifiable risk factors (models 2-3) left
the piecewise effect for both women and men largely
unchanged. The results were unaffected by the substitu-
tion of WHR for either lean body weight or BMI (data not
shown). In the fully adjusted model, which included
serum magnesium, albuminuria and insulin resistance
(model 4), the piecewise effect for men was statistically
non-significant, yet this remained present for women.
The effect of serum creatinine was no longer present in
men, but among women the inverse relationship between
serum creatinine and T2DM remained highly significant
before the breakpoint.
Sub-group analysis of data from the 495 patients com-
pleting the physical activity questionnaire showed similar
results (models 1-3), and the results were not altered by
further adjustment for self-reported hard physical activ-
ity (data not shown).
Serum creatinine (dichotomized variable) and odds for 
diabetes
The breakpoints were located in the proximity of the
median serum creatinine for men (73 μmol/l) and women
(61 μmol/l). Above these breakpoints the odds of T2DM
did not change, whereas the odds increased with decreas-
ing creatinine levels below the breakpoints. For simplifi-
cation, we therefore also dichotomized creatinine at the
medians in order to estimate the average effects of creati-
nine levels below the breakpoints. Women with creati-
nine levels below the median had an approximately 50%
increase in the odds of T2DM; OR 1.56 (1.09, 2.25) for the
unadjusted model and 1.47 (0.93, 2.32) for the fully
adjusted model. Men with creatinine levels below the
median had an approximately 75% increase in odds of
T2DM; OR 1.73 (1.09, 2.79) in the unadjusted model and
1.76 (0.92, 3.39) in the fully adjusted model.
Discussion
Statement of principal findings
The results of the present analysis confirm in a popula-
tion of 1, 017 consecutive morbidly obese subjects with
an eGFR > 60 ml/min our initial hypothesis of an inverse
association between serum creatinine and T2DM. Each 1
μmol/l increase in serum creatinine was associated in
females with 6% (95% CI; 3%-8%) lower odds of T2DM
below a creatinine level of 69 μmol/l. In the case of men it
was associated with 7% (95% CI; 2%-13%) lower odds of
T2DM below a creatinine level of 72 μmol/l. After these
breakpoints increasing creatinine levels did not decrease
the odds further. Adjustments for known modifiable and
non-modifiable risk factors left the piecewise effect for
both women and men largely unchanged.Hjelmesæth et al. BMC Endocrine Disorders 2010, 10:6
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Interpretation/comparison with other studies
Our findings extend the results from a previous study
which demonstrated a significant association between
low serum creatinine levels and incident T2DM in Japa-
nese non-obese (mean BMI 23.4 kg/m2) middle-aged
men (40-55 years) [10], and show this association to be
valid for prevalent T2DM in Caucasian morbidly obese
women and men between 18 and 75 years of age. In addi-
tion, our data indicates that among morbidly obese sub-
jects there is a piecewise linear relationship between
serum creatinine and T2DM, with an inverse effect
before a breakpoint of approximately 70 μmol/l and no
effect above.
Lorenzo et al. recently showed that subjects who had a
high GFR (MDRD mean eGFR 121 ml/min/1.73 m2) had
a two-fold increased adjusted odds, OR 2.29 (1.06-4.97),
of incident diabetes as compared with those who had a
normal/near normal GFR (mean eGFR 80 ml/min/1.73
m2). Although our diabetic patients did not have higher
creatinine clearance than their non-diabetic counter-
parts, they were on average 8 to 9 years older, and creati-
nine clearance tends to decrease with age. This could
explain the apparent absence of association between cre-
atinine clearance and diabetes in the present study, and,
thus, we cannot exclude the possibility that glomerular
hyperfiltration, which is commonly observed in non-pro-
teinuric T2DM patients [31,32], might partly explain our
results.
Strengths and limitations
The validity of our study is strengthened by the inclusion
of a relatively large number of consecutive morbidly
obese patients. In addition, the piecewise linear relation-
ship between serum creatinine and T2DM remained sta-
ble after adjustments for multiple risk factors. In terms of
weaknesses, the cross-sectional design of the study
implies that we cannot establish a cause-effect relation-
ship, whilst the exclusion of non-Caucasian participants
has meant that we are unable to generalize our results to
non-Caucasian populations.
In addition, lean body weight, glomerular filtration rate,
and creatinine clearance were estimated rather than mea-
sured with gold standard methods [8,16,21,22]. Further-
more, we did not use the oral glucose tolerance test which
has a higher sensitivity than fasting blood glucose in the
diagnosis of diabetes. However, this is probably not a
major problem since fasting glucose has been shown to
identify the great majority of morbidly obese patients
with unknown diabetes [33]. Finally, the weaker associa-
tions and less consistent results among men might be
Figure 1 Relationship between serum creatinine and type 2 diabetes. Left: Estimated functional relationship between serum creatinine and 
T2DM using Generalized Additive Models (GAM). Breakpoints and 95% CIs from a piecewise linear models at the bottom. Right: Corresponding odds 
ratios (approximately 0.90 below and 1.0 above the breakpoints). Given the large uncertainty in the location of the breakpoints the graph does not 
take the shape of the idealized step function a piecewise linear model assumes, but has a marked transition face.
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explained by a relatively low number of male participants
(type II error).
Possible explanations
We did not explore possible mechanisms. It might, how-
ever, be speculated that low serum creatinine mirrors low
muscle mass [7,9], which itself has been associated with
insulin resistance [34] and the metabolic syndrome [5],
and accordingly provides a higher risk of T2DM. Our
study, however, does not support this notion given both
that lean body weight, body weight and BMI were not
particularly low among patients with low serum creati-
nine. By contrast, serum creatinine was actually nega-
tively correlated with BMI and not significantly
correlated with lean body weight. Finally, adjustments for
BMI or lean body weight did not attenuate the inverse
relationship between creatinine and T2DM.
Unanswered questions and future research
Longitudinal studies of both obese and non-obese popu-
lations are needed in order to further investigate whether
serum creatinine is causally linked to T2DM or whether it
rather represents a measure of the disease [35]. Such
studies should also explore potential mechanisms and
clinical implications.
Conclusion
Low serum creatinine is a predictor of type 2 diabetes in
Caucasian morbidly obese patients independent of age,
gender, family history of diabetes, anthropometric mea-
sures, hypertension, and current smoking.
Additional material
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
JH contributed to the conception and design, acquisition of data, statistical
analysis and interpretation of data, drafted the manuscript and revised it criti-
cally for important intellectual content. JR contributed to the statistical analy-
ses, interpretation of data, was involved in drafting the manuscript and revised
it critically for important intellectual content. NN contributed to the concep-
tion and design, interpretation of data, and revised the manuscript critically for
important intellectual content. DH contributed to the conception and design,
acquisition of data, interpretation of data, and revised the manuscript critically
for important intellectual content. HH contributed to interpretation of data,
was involved in drafting the manuscript and revised it critically for important
intellectual content. AH contributed to interpretation of data, was involved in
drafting the manuscript and revised it critically for important intellectual con-
tent. All authors read and approved the final manuscript.
Acknowledgements
The authors thank the multidisciplinary team at the Morbid Obesity Center, 
particularly Berit Mossing Bjørkås, for collection and registration of data. Thanks 
to Matthew McGee for critically reviewing the English language. Funding: Dag 
Hofsø has received unrestricted educational grants from Novo Nordisk A/S, 
Norway, South-Eastern Norway Regional Health Authority and Vestfold Hospi-
tal Trust.
Author Details
1The Morbid Obesity Centre, Vestfold Hospital Trust, Tønsberg, Norway, 
2Department of Biostatistics, Institute of Basic Medical Sciences, University of 
Oslo, Oslo, Norway, 3Department of Clinical Chemistry, Vestfold Hospital Trust, 
Tønsberg, Norway and 4Department of Medicine, Rikshospitalet University 
Hospital, University of Oslo, Oslo, Norway
References
1. Haffner SM, Stern MP, Dunn J, Mobley M, Blackwell J, Bergman RN: 
Diminished insulin sensitivity and increased insulin response in 
nonobese, nondiabetic Mexican Americans.  Metabolism: Clinical and 
Experimental 1990, 39:842-847.
2. Hofso D, Jenssen T, Bollerslev J, Roislien J, Hager H, Hjelmesaeth J: 
Anthropometric characteristics and type 2 diabetes in extremely 
obese Caucasian subjects: a cross-sectional study.  Diabetes Research 
and Clinical Practice 2009, 86:e9-11.
3. Ferrannini E, Smith JD, Cobelli C, Toffolo G, Pilo A, DeFronzo RA: Effect of 
insulin on the distribution and disposition of glucose in man.  Journal 
of Clinical Investigation 1985, 76:357-364.
4. Volpi E, Nazemi R, Fujita S: Muscle tissue changes with aging.  Current 
Opinion in Clinical Nutrition & Metabolic Care 2004, 7:405-410.
5. Atlantis E, Martin SA, Haren MT, Taylor AW, Wittert GA, Members of the 
Florey Adelaide Male Ageing Study: Inverse associations between 
muscle mass, strength, and the metabolic syndrome.  Metabolism: 
Clinical and Experimental 2009, 58:1013-1022.
6. Kuk JL, Kilpatrick K, Davidson LE, Hudson R, Ross R: Whole-body skeletal 
muscle mass is not related to glucose tolerance or insulin sensitivity in 
overweight and obese men and women.  Applied Physiology, Nutrition, 
and Metabolism = Physiologie Appliquee, Nutrition et Metabolisme 2008, 
33:769-774.
7. Schutte JE, Longhurst JC, Gaffney FA, Bastian BC, Blomqvist CG: Total 
plasma creatinine: an accurate measure of total striated muscle mass.  
Journal of Applied Physiology: Respiratory, Environmental and Exercise 
Physiology 1981, 51:762-766.
8. Proctor DN, O'Brien PC, Atkinson EJ, Nair KS: Comparison of techniques 
to estimate total body skeletal muscle mass in people of different age 
groups.  American Journal of Physiology 1999, 277:t-95.
9. Yonemura K, Takahira R, Yonekawa O, Wada N, Hishida A: The diagnostic 
value of serum concentrations of 2-(alpha-mannopyranosyl)-L-
tryptophan for normal renal function.  Kidney International 2004, 
65:1395-1399.
10. Harita N, Hayashi T, Sato KK, Nakamura Y, Yoneda T, Endo G, et al.: Lower 
serum creatinine is a new risk factor of type 2 diabetes: the Kansai 
healthcare study.  Diabetes Care 2009, 32:424-426.
11. Tomaszewski M, Charchar FJ, Maric C, McClure J, Crawford L, Grzeszczak W, 
et al.: Glomerular hyperfiltration: a new marker of metabolic risk.  
Kidney International 2007, 71:816-821.
12. Lorenzo C, Nath SD, Hanley AJ, Abboud HE, Gelfond JA, Haffner SM: Risk 
of type 2 diabetes among individuals with high and low glomerular 
filtration rates.  Diabetologia 2009, 52:1290-1297.
13. Chagnac A, Weinstein T, Korzets A, Ramadan E, Hirsch J, Gafter U: 
Glomerular hemodynamics in severe obesity.  American Journal of 
Physiology - Renal Physiology 2000, 278:F817-F822.
14. Griffin KA, Kramer H, Bidani AK: Adverse renal consequences of obesity.  
American Journal of Physiology - Renal Physiology 2008, 294:F685-F696.
15. Hjelmesaeth J, Hofso D, Aasheim ET, Jenssen T, Moan J, Hager H, et al.: 
Parathyroid hormone, but not vitamin D, is associated with the 
metabolic syndrome in morbidly obese women and men: a cross-
sectional study.  Cardiovascular Diabetology 2009. diabetol..: 8
16. Levey AS, Coresh J, Greene T, Marsh J, Stevens LA, Kusek JW, et al.: 
Expressing the Modification of Diet in Renal Disease Study equation 
for estimating glomerular filtration rate with standardized serum 
creatinine values.  Clinical Chemistry 2007, 53:766-772.
Additional file 1 Table 1 and Table 2. Table 1 and Table 2
Received: 4 December 2009 Accepted: 18 April 2010 
Published: 18 April 2010
This article is available from: http://www.biomedcentral.com/1472-6823/10/6 © 2010 Hjelmesæth et al; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. BMC Endocrine Disorders 2010, 10:6Hjelmesæth et al. BMC Endocrine Disorders 2010, 10:6
http://www.biomedcentral.com/1472-6823/10/6
Page 6 of 6
17. World Medical Association declaration of Helsinki: Recommendations 
guiding physicians in biomedical research involving human subjects.  
JAMA 1997, 277:925-926.
18. American Diabetes Association: Diagnosis and classification of diabetes 
mellitus.  Diabetes Care 2008, 31(Suppl-60):.
19. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC: 
Homeostasis model assessment: insulin resistance and beta-cell 
function from fasting plasma glucose and insulin concentrations in 
man.  Diabetologia 1985, 28:412-419.
20. Muniyappa R, Lee S, Chen H, Quon MJ: Current approaches for assessing 
insulin sensitivity and resistance in vivo: advantages, limitations, and 
appropriate usage.  American Journal of Physiology - Endocrinology and 
Metabolism 2008, 294:E15-E26.
21. Janmahasatian S, Duffull SB, Ash S, Ward LC, Byrne NM, Green B: 
Quantification of lean bodyweight.  Clinical Pharmacokinetics 2005, 
44:1051-1065.
22. Demirovic JA, Pai AB, Pai MP: Estimation of creatinine clearance in 
morbidly obese patients.  American Journal of Health-System Pharmacy 
2009, 66:642-648.
23. de Jong PE, Curhan GC: Screening, monitoring, and treatment of 
albuminuria: Public health perspectives.  Journal of the American Society 
of Nephrology 2006, 17:2120-2126.
24. Kurtze N, Rangul V, Hustvedt BE, Flanders WD: Reliability and validity of 
self-reported physical activity in the Nord-Trondelag Health Study 
(HUNT 2).  European Journal of Epidemiology 2007, 22:379-387.
25. Wood SN: Generalized Additive Models: An Introduction with R Boca Raton, 
FL: Chapman & Hall/CRC; 2006. 
26. Muggeo VM: Estimating regression models with unknown break-
points.  Statistics in Medicine 2003, 22:3055-3071.
27. Kao WH, Folsom AR, Nieto FJ, Mo JP, Watson RL, Brancati FL: Serum and 
dietary magnesium and the risk for type 2 diabetes mellitus: the 
Atherosclerosis Risk in Communities Study.  Archives of Internal Medicine 
1999, 159:2151-2159.
28. Mykkanen L, Haffner SM, Kuusisto J, Pyorala K, Laakso M: 
Microalbuminuria precedes the development of NIDDM.  Diabetes 
1994, 43:552-557.
29. Wang Z, Hoy WE: Albuminuria as a marker of the risk of developing type 
2 diabetes in non-diabetic Aboriginal Australians.  International Journal 
of Epidemiology 2006, 35:1331-1335.
30. R Development Core Team: R: A Language and Environment for Statistical 
Computing Vienna: R Foundation for Statistical Computing; 2008. 
31. Nelson RG, Bennett PH, Beck GJ, Tan M, Knowler WC, Mitch WE, et al.: 
Development and progression of renal disease in Pima Indians with 
non-insulin-dependent diabetes mellitus.  Diabetic Renal Disease Study 
Group. New England Journal of Medicine 1996, 335:1636-1642.
32. Jin Y, Moriya T, Tanaka K, Matsubara M, Fujita Y: Glomerular 
hyperfiltration in non-proteinuric and non-hypertensive Japanese 
type 2 diabetic patients.  Diabetes Research and Clinical Practice 2006, 
71:264-271.
33. Hofso D, Jenssen T, Hager H, Roislien J, Hjelmesaeth J: Fasting plasma 
glucose in the screening for type 2 diabetes in morbidly obese 
subjects.  Obes Surg 2010, 20:302-307.
34. Volpi E, Nazemi R, Fujita S: Muscle tissue changes with aging.  Current 
Opinion in Clinical Nutrition & Metabolic Care 2004, 7:405-410.
35. Biomarkers Definitions Working Group: Biomarkers and surrogate 
endpoints: preferred definitions and conceptual framework.  Clinical 
Pharmacology and Therapeutics 2001, 69:89-95.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1472-6823/10/6/prepub
doi: 10.1186/1472-6823-10-6
Cite this article as: Hjelmesæth et al., Low serum creatinine is associated 
with type 2 diabetes in morbidly obese women and men: a cross-sectional 
study BMC Endocrine Disorders 2010, 10:6